Focal adhesion kinase (FAK) becomes activated and tyrosine-phosphorylated in response to cell adhesion to extracellular matrix proteins in a variety of cell types, and associates with a number of signaling molecules, structural proteins, and b integrin cytoplasmic domains. Here we demonstrated that c-Jun N-terminal kinase (JNK)/stress activated protein kinase-associated protein 1 (JSAP1), a scaffold factor in the mitogen-activated protein kinase (MAPK) cascades, forms a complex with the N-terminus of FAK. The complex formation was further stimulated by c-Src, in which JSAP1 was tyrosine-phosphorylated and other FAK/Src signaling molecules were recruited. Fibronectin (FN) stimulation of cells expressing JSAP1 induced its tyrosine phosphorylation concomitant with association with FAK. Expression of JSAP1 in Hela cells facilitated formation of well-organized focal contacts and actin stress fibers, and promoted cell spreading onto FN. Taken together, these results suggest that JSAP1 is involved an integrin-mediated signaling pathway through FAK/Src by recruiting other signaling molecules, resulting in promotion of cell spreading onto FN.
Introduction
Cell adhesion to the extracellular matrix (ECM) regulates many cellular functions, including differentiation, cell growth, apoptosis, and cell migration. In a variety of cell types, integrin stimulation by ECM proteins such as fibronectin (FN) lead to changes in protein tyrosine-phosphorylation events (Guan and Shalloway, 1992; Kornberg et al., 1992; Yamada and Geiger, 1997) .
Focal adhesion kinase (FAK) is a widely expressed nonreceptor protein tyrosine kinase localized in focal adhesions (Hanks et al., 1992) , and is critical for integrin-mediated signal transduction pathways (Yamada and Geiger, 1997) . FAK becomes activated and tyrosine-phosphorylated in response to cell adhesion to ECM proteins in a variety of cell types (Guan and Shalloway, 1992; Kornberg et al., 1992) . FAK associates with a number of signaling molecules, structural proteins, and b integrin cytoplasmic domains (Yamada and Geiger, 1997) . Activated FAK undergoes autophosphorylation at Tyr-397 and thereby binds to the Src homology 2 (SH2) domain of the Src-family kinase Src or Fyn (Schaller et al., 1994; Xing et al., 1994) , and SH3 domain of PI 3-kinase p85 regulatory subunit (Chen et al., 1996) . Src phosphorylates FAK at Tyr-925, which serves as a binding site for the SH2 domain of Grb2, resulting in the activation of mitogen-activated protein kinase (MAPK) extracellular signal-regulated kinases (ERK) (Schlaepfer and Hunter, 1998) . Integrinmediated cell adhesion to ECM also activates c-Jun Nterminal kinase (JNK) (Miyamoto et al., 1995) . Src also phosphorylates a number of FAK-associated proteins, including p130 cas and paxillin, which contain docking sites for CrkII. Recent studies have revealed that integrin-mediated activation of JNK requires the association of FAK with Src and p130 cas , and the recruitment of CrkII (Dolfi et al., 1998) .
FAK is also known to promote cell migration in response to cell adhesion to ECM proteins, especially FN (Cary et al., 1998; Reiske et al., 1999) . The association with p130 cas and phosphorylation of FAK at Tyr 397 are required for FAK-promoted cell migration on FN, implicating a role of Src, PI-3 kinase, and p130 cas in this process (Tamura et al., 1999a,b) . A role of MAPK activation in cell migration is still controversial, however, several lines of evidence revealed that activated ERK and JNK are localized in not only nuclear but also focal adhesions (Almeida et al., 2000; Fincham et al., 2000; Gu et al., 1999) . It has been demonstrated that MEKK1 (MAPKKK for JNK and p38) interacts with a-actinin, actin stress fiber and localizes in focal adhesion, and is involved in cell migration (Yujiri et al., 2000) . JNK/ stress-activated protein kinase-associated protein 1 (JSAP1)/ JNK-interacting protein 3 (JIP-3), the newly identified scaffolding protein for JNK, binds to JNKs, MEKK1 and SEK1 (Ito et al., 1999) . JSAP1 functions not only as a scaffolding factor in the JNK cascade but also as a suppressor in the ERK cascade by binding to Raf-1 and MEK1 (Kuboki et al., 2000) . JSAP1 appears to contribute to the specificity determination of a number of signaling pathways.
Here, we demonstrated that JSAP1 is involved in FAK/Src signaling pathway and regulates the formation of focal contacts, actin stress fibers, and cell spreading.
Results

JSAP1 forms complex with FAK
To investigate whether JSAP1 associates with FAK, His-S-JSAP1 cDNA was co-transfected into 293-EBNA cells with expression plasmids for either VSV-FAK or VSV-FAK-related non-kinase (FRNK: residues 692 -1052), which consists of C-terminus of FAK and lacks its kinase activity. His-S-JSAP1 was collected with S-protein agarose from the lysates of transfected cells, and VSV-FAK co-precipitated with His-S-JSAP1 was analysed by Western blotting. As shown in Figure  1a , FAK but not FRNK was co-precipitated with JSAP1. Next, His-S-JSAP1 was co-expressed with FLAG-tagged deletion mutants of FAK, and their interaction was examined. All of the FAK deletion mutants except for D405 -1052 were co-precipitated with JSAP1, whereas only D405 -1052 mutant failed (Figure 1b) . To determine the region of JSAP1 responsible for its association with FAK, VSV-FAK Figure 1 JSAP1 forms a complex with FAK. (a) a control plasmid or 2 mg of expression plasmid for His-S-JSAP1 was co-transfected into 293EBNA cells with 2 mg of plasmid for either FAK or FRNK tagged with VSV as indicated. Total DNA was kept at 4 mg per transfection. At 36 h after transfection, His-S-JSAP1 collected with SPA from the cell lysates was analysed by immunoblotting with anti-VSV for the association of FAK or FRNK. The whole cell lysates (WCL) were immunoblotted with anti-VSV antibody to confirm the expression of VSV-FAK and VSV-FRNK. (b) His-S-JSAP1 plasmid (2 mg per dish) was co-transfected with 2 mg of expression plasmid for each deletion mutants of FAK tagged with FLAG as indicated, and analysed as above using anti-FLAG and anti-His antibodies. (c) deletion mutants of JSAP1 were schematically shown. (d) His-S-JSAP1 or its deletion mutant (2 mg per dish, respectively) was co-expressed with 2 mg of VSV-FAK, and their association was analysed as above was co-expressed with wild type (WT) or deletion mutants of His-S-JSAP1 (Figure 1c,d) . FAK was coprecipitated with WT-JSAP1, the deletion mutants D1 and D3, but not with D2. JSAP1 D3 mutant lacking amino acid residues 343 -743 always showed the highest affinity with FAK. These results indicate that JSAP1 and FAK form a stable complex, and that the amino acid residue 305 -404 region of FAK and Nterminal 1 -343 amino acid residues of JSAP1 play an important role for their association.
c-Src stimulates FAK-JSAP association c-Src binds through a SH2 domain to 397 phosphotyrosine residue of FAK, which is the autophosphorylation site (Schaller et al., 1994; Xing et al., 1994; Schlaepfer et al., 1997) . The complex formation between FAK and c-Src enhances their kinase activities, tyrosine phosphorylation and the assembly of signaling molecules, and thus plays an important role for integrin-mediated signaling pathways (Yamada and Geiger, 1997; Miyamoto et al., 1995 Miyamoto et al., , 1996 . Thus, the effect of c-Src expression on association between FAK and JSAP1 was examined (Figure 2 ). Coexpression of c-Src with FAK increased the association between FAK and JSAP1. The effect of JSAP1 on tyrosine phosphorylation of p130 cas , which is one of the substrates of FAK/Src (Vuori et al., 1996; Calalb et al., 1995) , was also examined. The level of tyrosine His-S-JSAP1, VSV-FAK and c-Src plasmid (1.3 mg per dish, respectively) were transfected either alone or together in 293-EBNA cells, and association between JSAP1 and VSV-FAK was analysed as described in Figure 1 . Phospholylation of p130 cas was examined by immunoprecipitation with anti-p130 cas antibody followed by immunoblotting with anti-phosphotyrosine antibody 
Tyrosine-phosphorylation of JSAP1
Next, we examined whether JSAP1 was tyrosinephosphorylated by FAK and c-Src (Figure 3a) . Although expression of either FAK or c-Src induced tyrosine phosphorylation of JSAP1, the levels of phosphorylation were significantly low. Tyrosine phosphorylation of JSAP1 was markedly stimulated by co-expression of FAK and c-Src. Co-expression of FAK and c-Src induced not only tyrosine phosphorylation of JSAP1 but also association of tyrosinephosphorylated FAK with JSAP1. These results strongly suggest that JSAP1 which bound to the FAK/c-Src complex is tyrosine-phosphorylated and contributes to the recruitment of other phosphotyrosyl proteins.
Autophosphorylation of FAK on Tyr-397 is required for complex formation with c-Src. The association of JSAP1 with a FAK mutant in which tyrosine 397 was substituted with phenylalanine (Y397F-FAK) was studied ( Figure 3b ). The association of JSAP1 with the FAK mutant Y397F-FAK was at an almost comparable level with that of wild-type (WT)-FAK. Co-expression of c-Src and WT-FAK induced tyrosinephosphorylation of JSAP1 and the enhanced association of WT-FAK with JSAP1, however, co-expression of Y397F-FAK with c-Src did not significantly enhance the association with JSAP1 and induced only a faint tyrosine phosphorylation of Y397F-FAK. In vitro kinase assay showed that FAK kinase activity coprecipitated with JSAP1 was detected only in cells expressing c-Src and WT-FAK but not the Y397F-FAK mutant. These results suggest that the phosphorylation of Tyr-397 of FAK by c-Src facilitates the association of FAK with JSAP1 and consequently enhances the tyrosine phosphorylation of JSAP1.
c-Src in FAK/c-Src complex phosphorylates JSAP1
To examine whether kinase activity of c-Src is essential for the phosphorylation of JSAP1, kinase-dead mutant of c-Src, in which lysine-295 was substituted with arginine (Src-KD) was co-expressed with FAK and JSAP1. Indeed, unlike wild-type c-Src, c-Src-KD failed to induce the phosphorylation of JSAP1 and the association of JSAP1 with FAK ( Figure 4a ). Moreover, expression of C-terminal Src kinase (CSK), which inactivates c-Src by phosphorylating 527 tyrosine of cSrc, reduced phosphorylation of JSAP1 and FAK (Figure 4b ). These results indicate that kinase activity of c-Src is essential for the phosphorylation of JSAP1. and this mutant was shown to bind to FAK with the highest affinity (see Figure 1c,d) . To investigate the significance of JSAP1 tyrosine phosphorylation for its association with FAK, tyrosine phosphorylation of JSAP1D3 mutant by FAK/c-Src was examined ( Figure  5a ). Co-expression of c-Src with FAK induced tyrosine phosphorylation of JSAP1, however, JSAP1D3 mutant was not tyrosine phosphrylated under the same condition. The association of JSAP1 with FAK was quite faint in the absence of c-Src and was dramatically enhanced by the expression of c-Src concomitantly with the phosphorylation of JSAP1 as described above. In contrast, JSAP1D3 mutant associated with FAK without c-Src expression, which was augmented by cSrc expression only to a marginal level. We next investigated whether the JSAP1D3 mutant could attenuate the association of JSAP1 with FAK enhanced by c-Src. As shown in Figure 5b , the JSAP1D3 mutant competed with JSAP1 for association with FAK without affecting tyrosine phosphorylation of FAK.
Since kinase activity of c-Src was suggested to be essential for the phosphorylation of JSAP1, the effect of v-Src on JSAP1 tyrosine phosphorylation was examined (Figure 5c ). JSAP1 was highly tyrosine-phosphorylated by co-expression with v-Src. As expected, JSAP1D1 was tyrosine-phosphorylated by v-Src, whereas JSAPD3 was not. Although JSAP1D2 did not bind to FAK, this mutant was pohsphorylated by v-Src, indicating the importance of Src kinase activity on JSAP1 tyrosine phosphorylation. These results suggest that tyrosine residues to be phosphrylated by FAK/c-Src and v-Src exist in the region of amino acid residues 343 -744 of JSAP1. To identify which tyrosine residue is responsible for phosphorylation by Src, four tyrosine residues in this region were substituted to phenylalanine, and tyrosine phosphorylation of these mutants by v-Src was examined. As shown in Figure 5d , tyrosine phosphorylation of Y569F-JSAP1 was significantly attenuated, and that of Y616F-and Y663F-JSAP1 were also reduced, whereas that of Y562F-JSAP1 was not altered compared with that of WT-JSAP1. These results suggested that Src phosphorylates mainly tyrosine residue 569 of JSAP1, and 616 and 663.
JSAP1 promotes cell spreading on fibronectin
Since the attachment of cells to FN generates signals to stimulate c-Src and FAK, the effect of FN on JSAP1 phosphorylation was examined. 293-EBNA cells transfected with His-S-JSAP1 plasmid were either serumstarved for 6 h (on dish), held in suspension for 30 min (0), or replated onto FN (FN)-or poly-L-lysine (PLL)-coated dish for 2 h. As shown in Figure 6a , JSAP1 tyrosine phosphorylation was most effectively induced in the cells stimulated with FN, but less effectively in cells under other conditions. Phosphorylation of FAK was also induced by FN stimulation, and the association of FAK with JSAP1 was also enhanced by FN stimulation. To confirm that FN stimulation of cells induces association of endogenous FAK and JSAP1 concomitant with phosphorylation of them, P19EC cells were plated onto FN, and endogenous FAK and JSAP1 were analysed using antibodies against them (Figure 6b ). Tyrosine phosphorylation of both endogeneous FAK and JSAP1 were detected, and endogeneous FAK and JSAP1 were co-precipitated with each antiboy only in cells stimulated with FN. These results indicate that FN stimulation of cells induces tyrosine phosphorylation of endogeneous FAK and JSAP1 and their association.
Attachment of cells to FN is known to promote cell spreading. We next examined the effect of JSAP1 on cell spreading onto FN. As shown in Figure 6c , expression of JSAP1 promoted cell spreading, including well developed and organized focal contacts and actin-stress fibers, compared with control cells. Myctagged JSAP1 was localized diffusely in cytoplasm. Figure 6d ,e also showed that expression of JSAP1 induced distribution of paxillin to focal contacts, development of actin stress fibers, and cell spreading. In addition, co-expression of the JSAP1D3 mutant with wild-type JSAP1 blocked cell spreading promoted by JSAP1. This suppression of the JSAP1-promoted cell spreading by JSAP1D3 might result from competition with JSAP1 for FAK binding as indicated in Figure  5b . These results suggested that JSAP1 facilitated cell spreading induced by FN stimulation mediated through FAK.
Discussion
JSAP1 was originally identified as a scaffolding protein for the JNK cascade by binding to JNK, SEK1, MEKK1 and it stimulates the signal transduction. JSAP1 also binds to MEK1 and Raf-1 in the ERK cascade and negatively regulates the cascade (Ito et al., 1999; Kuboki et al., 2000) . Several lines of evidence revealed that activated ERK and JNK are localized in not only the nucleus but also in focal contacts (Almeida et al., 2000; Fincham et al., 2000) , and that signaling molecules involved in the ERK and JNK pathway are partially in focal contacts, suggesting that focal contacts function as scaffolding sites in MAPK signaling cascades. Here, we found for the first time that JSAP1 interacts with the N-terminal domain of FAK, which contains the autophosphorylation site (Tyr-397). The stimulation of JSAP1 binding to FAK by c-Src required Tyr-397 of FAK, suggesting that autophosphorylation at Tyr-397 may facilitate the binding of JSAP1 to FAK. In parallel with the augmented association between FAK and JSAP1 by c-Src, JSAP1 was effectively phosphorylated most likely at Tyr-569, -616 and -663. The following data suggest that c-Src in FAK/c-Src complex is responsible for the tyrosine phosphrylation of JSAP1; co-expression of FAK with kinase deficient c-Src failed to phosphorylate JSAP1 (Figure 4a) , expression of CSK attenuated JSAP1 phosphorylation by FAK/c-Src (Figure 4b ) and expression of v-Src was sufficient to phosphorylate JSAP1 (Figure 5b) .
The JSAP1D3 mutant lacking amino acid residues 343 -743, in which tyrosine residues to be phosphorylated by FAK/Src are included, effectively bound to FAK without Src. These results suggest that the domain within amino acid residues 343 -743 of JSAP1 suppresses association with FAK, and phosphorylation of tyrosine residues in this region releases the suppression. This is further supported by the fact that expression of c-Src failed to stimulate the association of FAK with JSAP1 with point mutations at phosphorylation sites (data not shown).
Cell attachment to FN is known to activate FAK, to induce FAK binding to PI-3 kinase and c-Src, and to lead to change in the tyrosine phosphorylation of a number of different signaling molecules. We demonstrated that attachment of cells to FN induces tyrosine phophorylation of JSAP1 concomitant with elevated FAK tyrosine phosphorylation and its binding to JSAP1 (Figure 6a,b) , indicating the involvement of JSAP1 in integrin-mediated signal transduction through FAK. It has been reported that expression of WT-, but not Y397F-FAK in FAK-null cells significantly enhanced the rate and extent of spreading onto FN, suggesting the interaction of FAK with effector molecules that bind to Tyr-397 is a key signaling step to promote cell spreading (Owen et al., 1999) . The best-characterized molecular activity of FAK Tyr-397 is the interaction with Src family kinases, and several lines of evidence demonstrated a requirement for Src kinase activity in promoting cell spreading. Since FAK-Y397F does not acquire association with JSAP1 by stimulation with c-Src, the expression of FAK-Y397F did not either affect cell spreading or inhibit JSAP1-promoted cell spreading on FN (Figure 6d,e) .
Here, we showed that tyrosine-phosphorylation of JSAP1 induced by FN stimulation promoted localization of paxillin to focal contacts, actin stress fiber formation, and cell spreading. Although the JSAP1D3 mutant showed association with FAK even in the presence or absence of c-Src, it did not promote cell spreading, but significantly suppressed JSAP1-promoted cell spreading. These results suggest that amino acid residue 343 -743 of JSAP1 regulate the association with not only FAK but also down-stream molecules involved in integrin-mediated signals to promote cell spreading, indicating the importance of tyrosine phosphorylation of JSAP1 to promote cell spreading on FN, possibly with recruiting SH2 containing molecules. Recent studies have reported that JIP-1, JIP-2, and JSAP1 (as JIP-3) interact with tetratricopeptide repeat motifs of kinesin, a vesicle motor that can drive along microtubles (Bowman et al., 2000; Verhey et al., 2001a,Verhey and Rappaport, 2001b ). Disruption of microtubules increases tension and promotes growth of focal contacts, whereas growth of microtubules in the contact sites induces local relaxation of tension and suppresses focal contact growth. Interestingly, JSAP1 binds to the C-terminus of kinesin light chain through the internal region including the amino acid residues 343 -743 of JSAP1 (Verhey at al., 2001a) . It may be possible to speculate that JSAP1 may regulate the turnover of focal adhesions cooperating with FAK/ Src complex and microtubules, and contribute to regulation of integrin-mediated signaling pathways by affecting the transportation of these signaling molecules together with microtubules. Alternatively, the internal region (residues 343 -1053) of JSAP1 is responsible for the interaction with MEKK1. MEKK1 is involved in lamellipodia formation and cell migration (Yujiri et al., 2000) . JSAP1 may regulate focal adhesion turnover and cell spreading by binding to MEKK1.
In conclusion, we propose that JSAP1 is a new substrate for the FAK/Src complex, and has a potential function as a scaffold protein by recruiting not only the molecules in the MAPK cascades but also SH2-containing molecules by being tyrosine-phosphorylated to promote cell spreading on FN.
Materials and methods
Cell culture and materials
Human embryo kidney 293-EBNA cell line was purchased from Invitrogen. Hela and COS-1 were obtained from ATCC (Rockville, MD, USA). Cells were maintained in Dulbecco's modified Eagle's medium (Nissui, Tokyo, Japan) supplemented with 10% fetal bovine serum (FBS), 100 units/ ml penicillin, and 100 mg/ml streptomycin, and cultured in 5% CO 2 at 378C. 293-EBNA cells were seeded at 1610 5 cells/ml, and Hela and COS-1 cells were seeded at 5610 4 cells/ml in a 60-mm dish at 24 h before transfection. Transient transfections were performed by calcium phosphate methods and using Trans IT-LT1 (PanVera, Madison, WI, USA) according to the manufacturer's instructions. P19 embryonal carcinoma (EC) cells were kind gift from Dr M Ito (Kitasato University, Japan) and maintained in minimum essential medium-a (Invitrogen) supplemented with 10% FBS.
Expression plasmids
pcDNA-His-S-JSAP1, pcDNA-His-S-JSAP1D1 (1 -1053), pcDNA-His-S-JSAP1D2
(1054 -1305), pcDNA-His-S-JSAP1D3 (343 -743), pcDNA-His-S-JSAP1D4 (1 -343,744 -1053), pcDNA-FLAG-JSAP1, pcDNA-FLAG-ERK2, and pcDNA-FLAG-JNK1 were constructed as described previously (Kuboki et al., 2000) . pRK-VSV-FAK, pRK-VSV-FAK-Y397F, pRK-VSV-FRNK, pRK-VSV-CSK, pRK-GFP and pRK-GFP-paxillin were constructed as described previously (Tamura et al., 1999a,b) . To construct the expression plasmid for FAK tagged with FLAG epitope, cDNA fragment encoding FAK was obtained from pRK-VSV-FAK plasmid, and the cDNA fragment was subcloned into pcDNA-FLAG plasmid. To construct expression plasmids for deletion mutants of FAK tagged with FLAG, cDNA fragments encoding the amino acid residues 100 -405 (D100 -405), 214 -405 (D214 -405), 300 -405 (D300 -405) of FAK were amplified by PCR using the primers with an extra BamHI or XhoI site. The products with a BamHI site at the 5' end and XhoI site at the 3' end were digested with BamHI and XhoI and subcloned into pcDNA3-FLAG plasmid digested with BamHI and XhoI. To construct expression plasmid for D100 -1052, D214 -1052 and D305 -1052, 3'-fragment of FAK cDNA obtained by ClaI/XbaI digestion was exchanged with corresponding 3'-ClaI/XbaI fragment of D100 -405, D214 -405 or D300 -405 cDNA. cDNA fragment encoding amino acid residues 405 -1052 of FAK was amplified by PCR, and subcloned into pcDNA-FLAG. To generate expression plasmid for chicken c-Src kinase deficient mutant (substitution Lys-295 to Arg), pSG-Src-KD, sitedirected mutagenesis was carried out with overlapping PCR. To generate expression plasmids for mutants substituted tyrosine to phenylalanine (Y562F, Y569F, Y616F and Y669F), site-directed mutagenesis was carried out.
Antibodies
Mouse monoclonal anti-phosphotyrosine (RC20), antip130 cas , anti-FAK, anti-paxillin antibodies were purchased from Transduction laboratories (Lexington, KY, USA). A rabbit polyclonal anti-p130 cas (against carboxyl terminus), anti-FAK (against-N-terminus), anti-His antibodies were from Santa Cruz Biotechnology Inc. (Santa Cruz, CA, USA). Mouse monoclonal antibodies against VSV and FLAG (M2) epitopes were from Sigma-Aldrich (St. Louis, MO, USA) and anti-Src monoclonal antibody was from Upstate Biotechnology (Lake Placid, NY, USA). Horseradish peroxidase conjugated anti-mouse and -rabbit IgG antibodies were from Amersham Pharmacia Biotech (Piscataway, NJ, USA). A rabbit anti-JSAP1 antiserum was a kind gift from Dr. M. Ito (Kitasato University, Japan).
Immunoprecipitations and immunoblottings
At 36 h after transfection, the cells were washed with ice-cold PBS, then lysed in a buffer containing 50 mM Tris-HCl (pH 7.5), 150 mM NaCl, 1 mM EGTA, 1 mM PMSF, 1 mM Na 3 VO 4 , 1 mM NaF, 1% Triton X100, 10% glycerol and protease inhibitor cocktail (Boehringer Mannheim, Germany). The cell lysates were centrifuged at 15 000 g for 20 min at 48C to remove insoluble materials. Protein concentrations of the lysates were determined using a bicinchoninic acid protein assay kit (Pierce, Rockford, IL, USA), and the samples were adjusted to equal protein concentration and volume. The samples were used for precipitation with the indicated antibodies and GammaBind PLUS Sepharose (Amersham Pharmacia Biotech) or with Sprotein agarose (Novagen, Madison, WI, USA), or anti-FLAG-M2 affinity gel (Kodak, New Heaven, CT, USA) for 3 h at 48C. The precipitates were separated by SDSpolyacrylamide gel electrophoresis (SDS -PAGE) and transferred to nitrocellulose membrane. The membranes were blocked with 3% BSA-TBS-T (50 mM Tris-HCl, 150 mM NaCl, 0.1% Tween-20) for 1 h at RT, then probed with the indicated antibody overnight at 48C. The membranes were washed three times with TBS-T for 10 min, and were incubated with horseradish peroxidase-linked second antibody for 1 h at RT followed by enhanced chemiluminescence detection using SuperSignal (Pierce). For the reprobing with another antibody, the membranes were stripped with 2% SDS, 100 mM b-mercaptoethanol in 62.5 mM Tris-HCl, pH 6.8, for 20 min at 708C, washed extensively in TBS, placed in blocking buffer overnight, and then reprobed.
In vitro kinase assay
Aliquots of 20 ml of SPA were incubated to absorb His-S-JSAP1 with cell lysates for 3 h, collected by centrifugation, and washed twice in kinase buffer (20 mM HEPES (pH 7.4), 150 mM NaCl, 10 mM MgCl 2 ). The SPA was incubated with 25 mCi [g-32 P]ATP for 15 min at 378C, and 26DS-sample buffer was added to stop the reaction. After boiling, the reaction mixtures were subjected to SDS -PAGE, and the 32 P-labeled materials were detected by Bioimage Analyzer BAS 1000 (Fuji, Tokyo, Japan).
Immunofluorescence staining
Twelve millimeter glass coverslips were incubated with PBS containing 10 mg/ml FN overnight at 48C. The coverslips were blocked with 10 mg/ml BSA for additional 1 h at 378C. GFP was co-transfected with either myc-JSAP1 or control plasmid into Hela cells using Trans IT-LT1. At 36 h after transfection, the cells were trypsinized, kept in suspension in 1 mg/ml BSA/DMEM for 20 min, allowed to spread on FNcoated cover slips for 2 h. The cells were fixed with 4% paraformaldehyde/0.5% Triton X-100 for 5 min and subsequently 4% paraformaldehyde in PBS for 15 min, and then stained with anti-paxillin antibody to visualize focal contacts, with rhodamine-phalloidin (Molecular Probes, Eugenes, OR, USA) to detect F-actin, and anti-myc antibody to detect JSAP1, and Cy3-conjugated goat antibody (Jackson ImmunoResearch Lab., West Grove, PA, USA) to mouse immunoglobulin G under confocal laser microscopy (Carl Zeiss, LSM510).
